The particulate matter with an aerodynamic diameter less or equal than 10 and 2.5 microns respectively (PM10 and PM2.5) constitutes one of the main air pollutants, which is currently regulated in Europe through Directive 2008/50/EC due to its proven harmful effects on human health. In this paper, the airborne PM10 samples collected in Zaragoza city during 2001-2009 were apportioned by statistical tools based on principal component analysis with absolute principal component scores (PCA-APCS). PM10 samples were characterized regarding their concentrations on polycyclic aromatic hydrocarbons (PAH) and water soluble ions. PAH were analyzed by gas chromatography-mass spectrometry-mass spectrometry detection (GC-MS-MS) and ions were analyzed by ion chromatography. A total of five factors were identified by PCA-APCS corresponding to different anthropogenic and natural sources. This work was focused on analyzing in more detail those samples involving higher negative impact on human health, in particular, PM10 samples exceeding the daily PM10 limit value of 50 g m During these exceedances, it was observed that anthropogenic pollution sources slightly decreased with regard to the natural sources. This indicated that episodes of high PM10 could have a natural origin associated with long-range transport from African continent. On the contrary, those exceedances with regional contribution and samples with BaP concentrations higher than 0.6 ng m -3
Introduction
Air quality is a main concern issue due to population is continuously exposed to air pollutants affecting the whole planet. The particulate matter is one of the main pollutants of varied nature which is regulated through different European Directives 1, 2 and with proven harmful effects on human health. These harmful effects are depending on, not only the particle size but also the nature of the particulate matter. A special family of organic pollutants that can be composing the particulate matter are polycyclic aromatic hydrocarbons (PAH) with carcinogenic and/or mutagenic character 3 and also regulated through European Directives 4 . This negative impact on human health and the fact that PAH are trans-boundary pollutants requires improving knowledge regarding the main sources producing these pollutants. Information on the sources of environmental pollution is clearly vital in integrated impact assessment, for modelling environmental pollution, to estimate changes in technology or policies and to identify where preventative actions can be best taken.
Source attribution is based on the principle that, measured exposures to a pollutant or other hazard are the result of a process of release, transport and transformation. One of the statistical tools that provides information to identify air pollution sources is the principal component analysis (PCA), which has been applied to airborne particulate matter 5, 6 as well as PAH 7 . A specific application is the PCA with absolute principal component scores (PCA-APCS) established by Thurston and Spengler, 1985 8 and successfully applied for source apportionment of pollutants in the atmosphere [9] [10] [11] [12] .
In this work, the PCA-APCS receptor model was used to apportion the airborne PM10 of Zaragoza during three different sampling periods (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) carried out in Zaragoza. The aim was to contribute to improve knowledge on PM10 source apportionment in order to fulfil air quality policies. Once characterized the concentrations of PAH and ions contained in the PM10, special attention was paid out to those samples exceeding the daily limit value of PM10 and samples with concentrations higher than the upper assessment threshold of BaP due to their negative potential impact on human health. A comparison of the contribution of anthropogenic and/or natural sources was carried out.
Experimental

Sampling description
The study was performed in Rio Ebro campus (length= 41.68, latitude= -0.89), Zaragoza city, located in the North-East of Spain, in an urban area close to a highway (AP-2, daily average traffic intensity in 2009 =13025 vehicles), several industrial parks related to medium and small enterprises located along the main roads, three paper fabrics and three waste water treatment plants ( summers and winters and wetter springs and autumns similar to a semi-arid climate as it is localized in a wide basin entirely surrounded by mountains. The yearly average precipitation is 310 mm with abundant sunny days whereas the rainfall centres in spring and there is drought in summer. The temperatures are high in summer reaching up to 40 °C whereas in winter the temperatures are low (usually 0 to 10 °C) either because of the fog (about 20 days from November to January) or a cold and dry wind blowing from the NW, the Cierzo on clear days. Frost is common and there is sporadic snowfall.
PM10 sampling
A GUV-15H Graseby Andersen high-volume sampler with volumetric flow controlled system provided with a PM10 cut off inlet at 10 m and located 3.5 m from the ground was used to collect the particulate phase in a PTFE-coated, glass-fibre filter (0.6 m pore size; 20.5 cm × 25.5 cm, Pall GelmanSciences). Samples were captured during 24 hours every two weeks from November 15 Before the sampling, filters were Soxhlet extracted for 24 h with dichloromethane (DCM) and kept in desiccators. Once conditioned, filters were weighted before and after the sampling using a microanalytical balance (precision of 0.01 mg) to determine the particle mass. After sampling, filters were wrapped in aluminium foil previously rinsed with hexane and stored in a freezer at -20 ºC until analysis [13] [14] [15] .
Ion analysis
One-eight of the filter was cut in small pieces and extracted by ultrasonic bath for 30 minutes in 15 mL of Milli-Q water. The obtained solution was filtered through cellulose acetate membrane filters (0.2 m pore size and 30 mm filter diameter) until a final volume of 15 mL. Analyses were carried out by a Dionex ICS2000 ion chromatography system with Chromeleon version 6.60SP2 software 13 . The anion and cation methods used the AS17 analytical column (2 mm × 250 mm) and the CS17 analytical column (3 mm × 250 mm), respectively. In both cases, the detector was a conductivity cell working at 35 ºC. An eluent suppressor working at 19 mA (anions) and 62 mA (cations) was placed before the detector in order to prevent saturation by the background signal 
PAH analysis
One-fourth of the filter was extracted by Soxhlet during 18 hours with DCM after the addition of deuterated-PAH surrogate standards containing the following PAH: anthracene-d 10 ) . Extracts were concentrated on a rotary evaporator followed by a stream of nitrogen gas. Samples were cleaned-up through a silica gel column and eluted with DCM. Then the eluted sample was evaporated using a gentle nitrogen gas stream and the extract reconstituted with an internal standard solution (p-terphenyl) in hexane. Samples were analysed by gas chromatography-mass spectrometry-mass spectrometry detection (GC-MS-MS) 15 . PAH quantification was performed using the internal standard method relative to the closest eluting PAH surrogate. The p-terphenyl was added to the sample previous to the analysis by GC-MS-MS in order to calculate the deuterated PAH's recovery.
All analyses were carried out on a Varian GC 3800 gas chromatograph coupled to a Saturn 2200 mass spectrometer detector. A low bleeding Factor Four capillary column (VF-5 ms: length: 30 m, ID: 0.25 mm; film thickness: 0.25 m) was used and the temperature time program was the following: 60 °C isotherm for 1 min, 10°/min till 300 °C and isotherm for 20 min. The injector was kept at constant temperature of 280 °C. High purity helium was used as carrier gas at a flow rate of 1 ml/min and transfer line was heated at 280 °C. In all cases, 1 μl of sample was injected in splitless mode. The ion trap mass spectrometer was operated in electron ionization (EI) mode (70 eV), the filament emission current was 80-90 A, the scan time was 0.5 s/scan and the scanned mass range: Table 1 .
Seven-point multi-point calibration curves for all PAH, ranging from 20 ng mL -1 to 1000 g mL 
PCA model
Principal component analysis (PCA) was applied to all samples by using software package SPSS version 15.0. Firstly, all variables were typified and transformed into a dimensionless standardized form. In order to choose the variables providing a more feasible solution, communalities were checked. Results from all PCA analyses were evaluated only for factors with eigenvalues higher than unity by adopting the Kaiser criterion. Chemical variables were considered to identify source categories only when factor loadings were >0.7 (absolute value). Afterwards, absolute principal component scores (APCS) method was used to quantify the contributions of all sources to each measured pollutant by using the methodology established by Thurston and Spengler, 1985 8 . Subsequent multiple linear regression (MLR) of sample mass concentration on these APCS derived estimated mass concentration of each source.
Backward air mass trajectories
The long-range atmospheric transport was deduced by determining isentropic backward trajectory analysis using the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) 18 with EDAS meteorological input. The backward air trajectories arriving at the sampling site during the five days previous to sampling were performed at 500, 1500 and 2500 m, respectively in order to check the air masses origin for each day of the campaign. Trajectories were classified according 
Results and discussion
PM10
A summary of the average PM10 concentrations collected in Zaragoza as well as all the analyzed species is reported in Table 2 . Regarding the PM10 concentrations, it was observed that the average concentration was 32.9 +15.2 g m -3 , lower than the annual (40 g m ) were obtained and they will be commented in Section 3.5. ) showed results comparable to this study, corroborating that the PM10 concentrations reported in this work were within the typical range reported for urban samples 24, 25 . Nevertheless, PM10 concentrations higher than the ones reported in this study were obtained in an urban station located in Elche, Spain 
Ionic composition of PM10
The ionic species followed the order: SO and Na + also corroborated its possible anthropogenic origin.
Particulate-phase PAH
The individual and the total average PAH concentrations bound to the PM10 with the corresponding standard deviations for the different years of sampling are summarized in Table 2 . It is worth pointing out that only PAH in the particulate phase were collected in these campaigns so that low concentrations of the most volatile PAH were expected as shown in Table 2 . Gas/particle partitioning of these compounds is affected by the physicochemical characteristics of the aerosol (chemical composition, particle size, surface area) and the ambient conditions (temperature, pressure) and the most volatile PAH are found predominantly in the vapour phase 34 whereas 90% of 5-6 ring PAH are absorbed on particles. However, our main aim was to collect the high molecular weight PAH due to these are more harmful for human health.
The most abundant PAH were IcdP+DahA, BghiP, Cor, BbjkF and Chry. Together, these compounds accounted for around 67% of the total PAH. BghiP, BbF and IcdP represented the highest proportions of the total PAH concentration in La Plata, Argentina and Leipzig, Germany . PCA with Varimax rotation distinguished a total of five factors explaining 85% of the variance and they were associated with different anthropogenic and natural sources ( Table 3 ).
The first factor explained 42.9% of the variance and it was related to BbjkF, BeP, BaP, BaA and Chry. BeP and BaP are markers for light oil burning 42 , which is used for domestic heating and many industrial processes. Nevertheless, BbF, BeP and BaP are also found in the ambient air at the traffic source 43 and BaA and Chry, tracers of natural gas, were also included in this factor reflecting the major use of this fuel for domestic heating in Zaragoza. Therefore this factor could be associated with industrial emissions, domestic heating and vehicular emissions.
The second factor explaining 17.6% of the variance was associated with An, Phe, MePhe, Flt and Py. Flt, Py and Phe are components of fossil fuels and a portion of them is associated with their combustion 44 mainly coal combustion so this factor was considered like coal combustion. The third factor explaining 11.7% of the variance was related to Cor, BghiP and IcdP+DahA. These three PAH are typical markers of traffic emissions 45 and IcdP was associated with diesel emissions 46 .
High concentrations of Cor have also been found in areas using diesel as main fuel and with high density of traffic 47 . The presence of a highway close to the sampling point could explain this factor named as heavy-duty vehicle. The fourth factor explaining 7.5% of the variance was related to nmSO 4 2-, Ca 2+ . In addition to the anthropogenic origin of non-marine sulphate due to the oxidation of fossil fuel combustion products, this can also have natural origin explained by the presence of gypsum deposits and quarries of limestone, which are also used as construction materials 48 . This factor was labelled as soil resuspension and abrasions from construction materials such as cement.
The fifth factor explained 5.4% of the variance and it was associated with Cl (Fig. S2, Supplementary information) . The temporal evolution of each factor is shown in Fig. 2 . Only the coal combustion factor showed no seasonal behaviour indicating that its behaviour was similar along the year. This could be influenced by the presence of power stations localized in Teruel as well as different industrial parks using mainly coal as fuel. The other three factors: industrial+traffic emissions, heavy-duty vehicles and marine component showed maximum average contributions during the cold season (winter, autumn) whereas the soil resuspension factor showed high concentrations during the warm season. This trend of the soil resuspension factor is typical of the Mediterranean countries and it is favoured by meteorological conditions such as: high temperature, high isolation ratio, high atmospheric pressure, low precipitations and the convective meteorology, that favours the soil resuspension. Moreover, there is an important contribution of calcium-rich aerosol in these countries due to the high frequency of Saharan air mass intrusions and the long range transport of airborne material. In the industrial+traffic emission factor, in addition to the light oil and natural gas used in industrial parks, the natural gas mainly used for domestic Table 4 shows the contribution of each variable to the different factors obtained by the PCA-APCS receptor model. It is shown that PAH contributed majority to the anthropogenic sources whereas ions were the major components of the partial natural sources.
Exceedances of the PM10 limit value
Because of proven high levels of particulate matter are related to harmful effects on human health including asthma, respiratory problems and even cancer, special attention was paid to those PM10 samples exceeding the daily limit value of 50 µg m -3 established by the European Directive ) and 56% of the exceedances were produced during the warm season including spring and summer seasons whereas the other 44% exceedances were produced during the months of December and January.
A study of the backward air trajectories was performed for those samples exceeding the daily PM10 limit value, classifying these episodes with regard to the air masses origin according to Pérez et al. related to soil resuspension were the major factor contributing to the PM10 independently of the scenario. However, concerning the exceedances of PM10, the NAF+REG episodes increased the contribution of the soil resuspension factor whereas the regional episodes with no North-African contribution (REG) increased considerably anthropogenic sources like industrial+traffic emissions by decreasing the soil resuspension factor. By studying the meteorological variables, it was observed that the temperature was the only variable statistically significant different between the two types of episodes. In the case of the NAF+REG episodes, the average temperature was 21ºC whereas in the case of REG episodes, the average temperature was 9ºC, favouring the high temperature the North-African intrusions. With regard to the only European episode and comparing to the average PM10 samples and PM10 exceedances, its soil resuspension contribution decreased by increasing the industrial+traffic emission factor, attributing this fact not only to local emission sources but also to long-range transport from European countries. This helped to understand that exceedances of the daily PM10 limit value could have different impact on human health depending on the air masses origin. In general, direct and/or indirect North-African episodes had less contribution of anthropogenic sources than regional episodes with no African contribution indicating that these last episodes of high PM10 concentrations could be more dangerous for human health.
A study of these PM10 exceedances was also performed as a function of the season by classifying high PM10 concentrations in two groups: cold season (autumn and winter) and warm season (spring and summer) (Fig. 4) . It was observed that for the exceedances of the PM10 during the cold season, the heavy-duty vehicles and the industrial+traffic emission factors constituted more than the 20% of the PM10 and the resuspension factor involved the 78% of the PM10 (Fig. 4a) . The exceedances produced during the warm season decreased to 8% the contribution of anthropogenic pollution sources by increasing the soil resuspension factor to 90%. This indicated the different character of PM10 exceedances depending on the meteorological conditions, with a higher negative impact on human health of those exceedances produced during the cold season due to a higher contribution of anthropogenic sources. When these exceedances were also studied as a function of the backward air mass trajectories (Fig. 4b) , it was observed that NAF+REG episodes during the cold season showed an increase in anthropogenic sources related to industrial+traffic emissions when compared to NAF+REG episodes produced during the warm season. This was also corroborated for the REG episodes being potentially more harmful for human health the PM10 exceedances produced during the cold season than the ones originated during the warm season. The long-range transport from European countries only was reflected during the cold season showing as well a decrease of natural sources related to soil resuspension and an increase of the industrial+traffic emissions factor when compared to the average PM10 exceedances. These results proved the relevance of characterising PM10 exceedances in Mediterranean countries like Spain due to their different impact on human health.
Episodes of high BaP concentrations
The carcinogenic and mutagenic properties of PAH and the fact that BaP is used as a marker for the ) were analyzed. A total of eighteen dates exceeded this threshold, 94.4% were produced during the cold season (winter and autumn) with 67% during the winter. This fact corroborated the higher negative impact of anthropogenic sources during this period due to typical winter meteorological conditions (low temperature, low solar irradiation) as well as domestic heating contribution. Fig. 5 shows the sources contribution of the five factors found by PCA-APCS for those episodes exceeding the upper assessment threshold of BaP as a function of the year of sampling. It is observed that comparing to the average total samples, the episodes exceeding the upper assessment threshold of BaP showed a decrease in the soil resuspension factor whereas the industrial+traffic and coal combustion factors were the predominant anthropogenic pollution sources. This corroborated that PAH had a main anthropogenic origin and mostly this anthropogenic contribution was produced during the cold season involving a higher risk for human health when compared to the average total samples.
Conclusions
The PCA-APCS receptor model allowed the identification and quantification of five sources in the ) for the average PM10 samples obtained by the PCA-APCS receptor model.
